To further understand the regulation of IL-12 p40 transcription, the endogenous gene must be studied in its native nucleosomal environment to examine important regulatory events that are not manifested in the transfection assays. An independent reason for studying the p40 chromatin environment is the paucity of published analyses of the nucleosomal contribution to mammalian gene induction. Although studies of nucleosome positioning and/or remodeling at inducible mammalian genes have been performed (see the Discussion), none approach the level of detail and resolution established in the yeast and viral studies cited above. The need for mammalian model systems, particularly in the immune system, has become increasingly apparent, as exemplified most recently by evidence that chromatin structure and epigenetic events contribute to the regulation of cytokine genes during T helper cell differentiation (Agarwall and Rao, 1998; Bix and Locksley, 1998; Hollander et al., 1998).
In this study, the contribution of nucleosomes to the induction of the endogenous murine p40 promoter was analyzed. The results reveal a positioned nucleosome upstream of the start site, encompassing the promoter elements required for induction. Upon macrophage activation, this nucleosome is rapidly and selectively remodeled in a protein synthesis-dependent manner, suggesting that selective remodeling is essential for p40 induction. Interestingly, the synergistic enhancement of p40 expression by IFN␥ appears to be independent of remodeling and of the occupancy of at least one critical promoter element, suggesting that IFN␥ targets an independent or downstream event. lated nuclei from RAW264.7 macrophages were subjected to limiting digestion with MNase. Genomic DNA was then purified and analyzed by Southern blot, using length by a constant amount from the ladder observed a probe containing nucleotides Ϫ333 to Ϫ697 (Figure in the absence of restriction digestion (unless the restric-1B). The gel image reveals diffuse bands that appear tion enzyme cleaves in a nucleosomal linker). to represent a nucleosome ladder ( Figure 1A, lane 7) , Southern blot results obtained with three restriction suggesting that the p40 promoter may be assembled enzymes are shown in Figure 1A . With each enzyme, into a nucleosomal array. nucleosome ladders were apparent that were offset from To confirm the presence of nucleosomes and to deterthe ladder observed without restriction enzyme digesmine whether the nucleosomes are consistently position (compare lanes 1-6 to lane 7). For example, Bsu36I tioned, MNase-treated genomic DNA from RAW264.7 digestion yielded bands that migrate at intermediate nuclei was further digested with restriction enzymes positions relative to the nucleosome ladder (compare that cleave in the promoter region. In vitro digestion lane 1, Bsu36I bands 1 ϩ and 2 ϩ to lane 7, bands 2 creates DNA fragments possessing a restriction enand 3). Although this low-resolution technique does not zyme-cleaved constant end and an MNase-cleaved allow nucleosome positions to be determined with precivariable end. Positioned nucleosomes are visualized as a ladder of specific hybridization products that differ in sion, the results suggest that three nucleosomes are positioned between Ϫ300 and Ϫ900 ( Figure 1B , dia- (Figure 3, primers B-D) . Concurrently, the cell-type specificity of nucleosome positioning was examined by gram). Interestingly, the DNA in the vicinity of Ϫ900 was strongly hypersensitive to MNase cleavage (e.g., lanes comparing the RAW264.7 macrophage line with the VL3-3M2 thymocyte line (Groves et al., 1995). As shown 1 and 2, band 3 ϩ ). This hypersensitivity, which was also observed following DNase I digestion, but not by in vitro in Figure 2B (lanes 2-5), the MNase digestion pattern in the vicinity of nucleosome 1 was identical in the two restriction enzyme digestion in the absence of in vivo MNase or DNase I cleavage (data not shown), is likely lines, suggesting conservation of positioning. The two lines also yielded similar results when the DNA samples to represent a nucleosome-free region.
were analyzed with primer B (Figure 2B, lanes 7-10) . However, an extended region of protection indicative of High-Resolution MNase Analysis of the p40 a nucleosome was not observed with this primer. InPromoter Region stead, several strong cleavage sites were observed beThe above results provide evidence that positioned tween Ϫ245 and Ϫ355. These data suggest that this nucleosomes exist upstream of the p40 promoter. Howregion is not assembled into a nucleosome or is assemever, the resolution of the Southern blot method is inherbled into an atypical nucleosome that is sensitive to ently low, making it difficult to determine the precise MNase cleavage. locations of the nucleosomes. More importantly, the Analysis of the region further upstream using primer C Southern blot method did not provide direct evidence revealed two regions of MNase sensitivity at nucleotides of the nucleosome organization within the region sur-Ϫ350 and Ϫ485 ( Figure 2C ). The DNA between these rounding the functionally important promoter elements sites was strongly protected from MNase digestion because a radiolabeled probe hybridizing to sequences (compare lane 2 to lanes 3-6), suggesting that it is conbetween Ϫ333 and ϩ56 failed to reveal a nucleosome tained within a positioned nucleosome. This nucleoladder following restriction enzyme digestion (data not some appears to be similarly positioned in RAW264.7 shown); the dashed ovals in Figure 1B and after remodeling. However, a more likely explanation for the inefficient cleavage at all three sites is that, was slightly enhanced within nucleosome 1 in nuclei in activated cells, enhanced nuclear cleavage at the from activated cells (data not shown). However, because downstream sites by the same restriction enzymes rethe effects were small, the results provided only weak duces the probability that nuclear cleavage will occur evidence of remodeling. One contributing factor to the only at the upstream sites. In other words, a genomic small effects may be the inefficient induction of p40 DNA molecule that is cleaved at both sites will yield a expression.
band only at the downstream site following LM-PCR Because the MNase assay did not provide compelling analysis. evidence of remodeling, a restriction enzyme accessibilTo further characterize the remodeling event, its kinetity assay was employed as a more sensitive alternative ics and requirement for de novo protein synthesis were for monitoring remodeling events. J774 cell nuclei were monitored. The results reveal substantial remodeling 1 treated with a limiting concentration of an appropriate hr after addition of the inducer ( Figure 5C , lanes 4 and restriction enzyme. The cleaved genomic DNA was then 11), with the remodeling completely inhibited by cyclopurified and digested in vitro to completion with a differheximide (lanes 5 and 12) or anisomycin (data not shown). Assays performed 2 hr post induction revealed ent restriction enzyme that recognizes a site upstream 6 and 8) or left untreated (lanes 5 and 7) . These cells were then stimulated with LPS (lanes 7 and 8) or left unstimulated (lanes 5 and 6) . Thirty micrograms of RNA was analyzed by primer extension. The arrows indicate the expected 59 bp product. 1, 4, 6, 8, 11, and 13 ). Cells were then activated with LPS for 1 (lanes 4, 5, 11, and 12) or 2 (lanes 6, 7, 13, and 14) hr or were left untreated (lanes 1-3 and 8-10). Nuclei were digested with SpeI (lanes 1-7) or MseI (lanes 8-14) . Purified SpeI-and MseI-digested DNAs were digested in vitro with PstI. Arrows to the left and right indicate control and nuclear cleavage products, respectively. no further increase in remodeling (lanes 6 and 13) and efficient remodeling of nucleosome 1 (data not shown). Interestingly, however, accessibility increased substanexhibited the same sensitivity to protein synthesis inhibitors (lanes 7 and 14). Thus, nucleosome 1 remodeling tially at nucleotide Ϫ197, at the proximal end of the extended linker separating nucleosomes 1 and 2 (AatII, appears to be complete within 1 hr of cell activation and is dependent on de novo protein synthesis. lanes 2 and 3). This enhanced accessibility is intriguing because of the general absence of knowledge regarding It may be noteworthy that Figure 5C provides an example of an experiment performed with LPS-activated the organization of DNA sequences immediately flanking a nucleosome undergoing remodeling. Finally, analysis cells, whereas HKLM activation was used for the experiment shown in Figure 5B . Consistent with the ELISA of the region downstream of nucleosome 1 revealed a slight increase in accessibility at ϩ32 and ϩ18 upon cell results in Figure 4A , these results demonstrate that the two agents are equally effective inducers of both p40 activation and a more substantial increase at Ϫ20 (BstNI, lanes 14 and 15), which maps to the proximal edge remodeling and expression.
To examine whether remodeling occurs throughout of nucleosome 1. Collectively, these data suggest that nucleosome remodeling, as measured by an activationthe promoter region or is confined to nucleosome 1, restriction enzymes that cleave at sites on either side dependent increase in restriction enzyme accessibility, is confined to nucleosome 1. of nucleosome 1 and within nucleosomes 2 and 3 were tested ( (lanes 2, 5, 8, 11, and  14) or treated with LPS for 4 (lane 9) or 8 (lane  15) hr or HKLM for 8 hr (lanes 3, 6, and 12) . Nuclei were treated with AatII (lanes 2 and 3),  PstI (lanes 5 and 6), HaeIII (lanes 8 and 9) , AluI (lanes 11 and 12), or BstNI (lanes 14 and 15) for 10 min at 37ЊC. Purified DNAs were digested with PstI (lanes 2 and 3), HaeIII (lanes 5 and 6), KpnI (lanes 8 and 9), AflIII (lanes 11 and 12), or AatII (lanes 14 and 15) . Markers are pBR322 ϫ MspI (lanes 1, 4, 7 , 10, and 13). Figure 7A ). Intracellular flow cytometry showed remodeled and occupied in the vast majority of cells in the absence of IFN␥. These results are consistent with that, upon activation with LPS alone, a peak representing the vast majority of cells shifts significantly to the the intracellular staining results, which suggest that most or all cells express at least low levels of p40 proright, suggesting that most cells express p40 at low levels ( Figure 7B, LPS) . Upon activation with LPS plus tein following activation with LPS alone. Taken together, these results suggest that IFN␥ does not influence IFN␥, this peak shifts further to the right, revealing a 3.9-fold increase in the mean fluorescence of the entire nucleosome 1 remodeling or the occupancy of the C/EBP site. Rather, it must target an event that is downpopulation ( Figure 7B, LPS ϩ IFN␥) .
Ma et al., 1996). As mentioned above, a substantial
An analysis of nucleosome remodeling using the restream or independent of these steps. striction enzyme accessibility assay revealed a strong increase in nuclear cleavage upon p40 induction with Discussion LPS (Figure 7D, compare lane 1 to lanes 3 and 5) . Interestingly, despite the strong effect of IFN␥ on p40 expresThis study provides the foundation for a detailed analysis of the mechanism by which chromatin contributes sion levels, no effect of IFN␥ on nuclear cleavage was MNase digestion proceeded as described by Richard-Foy and to determine the mechanism by which remodeling is
